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ABSTRACT 
 In recent  years, Southeast Asia (SEA) has seen many of Islamic State’s (IS) 
supporters returned home after fighting in the Middle East. The tactics and warfighting 
knowledge that they have learned, such as the making of homemade rockets and IEDs, 
could actually be applied in SEA as well, causing SEA to be a high potential as the next 
cauldron of violence. This thesis will investigate the effectiveness of laser weapons under 
the conditions of rain or haze. Laser propagation in these environments will be modelled 
by varying the total extinction coefficient, which changes as the atmosphere changes. The 
extinction coefficients for the simulations will be obtained from MODTRAN and/or 
MPLNET. The effects on the peak intensities and dwell time required on two different 
targets (rocket and UAV) when haze or rain is present will be analyzed. 
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The world's first operational laser weapon system was deployed by the U.S. Navy 
onboard the USS Ponce in the Persian Gulf in 2014 [1]. This came after decades of research 
and development in the area of High Energy Lasers (HELs) [2]. Besides the U.S. Navy, 
the U.S. Army is also ramping up its interest in HELs. This is mainly due to the 
proliferation of drones targeting U.S. special operation forces by the Islamic State (IS) in 
Syria [3]. On top of drones, IS has also used rockets to attack U.S. forces and its coalition 
forces in Syria and Iraq [4]. 
The influence of the rise of IS has not only affected the Middle East but it has also 
spread to Southeast Asia (SEA). Even though IS has been somewhat contained in the 
Middle East, many of its supporters have since returned home after fighting in the Middle 
East, bringing back the tactics and warfighting knowledge that they have learned. This 
causes SEA to be a high potential as the next cauldron of violence [5] [6]. Damage was 
almost done in August 2016, when a local Indonesian terror group had planned to launch 
a rocket attack from Batam, Indonesia, at the Marina Bay Sands Resort in Singapore [7]. 
Luckily, the terrorists involved were arrested by Indonesian police in August 2016 before 
the attack could materialize. 
With the context painted in the previous paragraph, the main objective of this thesis 
is to look into the feasibility of employing ground based HELs to counter threats such as 
UAVs and rockets employed by terrorists in the tropical environment of SEA (which is 
characterized by occasional rainfall and annual haze). In Chapter II, we will give a brief 
overview on HELs and the theories behind laser propagation. Thereafter in Chapter III, we 
will delve more into the environment of SEA and the potential applications of HEL in SEA. 
In Chapter IV, we will explain the simulation methods that will be employed to study the 
feasibility of HELs in SEA's environment. Finally, the results will be discussed in Chapter 
V, with the conclusions in Chapter VI. 
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II. OVERVIEW OF HIGH-ENERGY LASERS 
The term “directed energy weapons” is used to describe electromagnetic (EM) 
advanced technology weapons including high-power microwaves (HPM) and high-energy 
lasers (HEL). These weapons typically employ EM energy such as microwave and infrared 
radiation. One key advantage of HPM and HEL over traditional kinetic weapons, such as 
missiles and guns, is that they do not require the firing of a projectile to intercept the target. 
This reduces the likelihood of collateral damage, especially in low-intensity conflicts, if 
the projectile fails to hit the target. More specifically for HEL, other advantages include 
(1) lower cost of engagement as no projectiles are required, (2) faster payload delivery at 
the speed of light compared to traditional weapons, (3) large magazines, limited only by 
available power and energy storage, and (4) varying levels of lethality [8]. However, there 
are also disadvantages of HEL weapons, namely (1) requirement of line-of-sight for 
engagements, (2) weather-dependent performance, (3) finite dwell time to engage a target, 
which limits the ability to carry out simultaneous multiple engagements due to need to laser 
dwell time on target, and (4) potential collateral damage to aircraft and/or satellites. 
The application of lasers for military purposes has been explored for decades, but 
has only started to materialize in recent years with the fielding of the U.S. Navy’s Laser 
Weapon System (LaWS) in 2014 [9]. For directed energy applications, there are three main 
types of lasers (gas/chemical, free electron and solid state) based on the active lasing 
medium [10]. These will be discussed in the subsequent section. 
A. TYPES OF LASERS 
The U.S. Navy started to experiment with lasers in the 1970s with gas and chemical 
lasers before shifting its focus in the 1990s to free electron lasers (FEL), and more recently 
to solid state lasers (SSL) [9]. Although SSL currently produce less power than chemical 
lasers, they have the advantage of being electrically powered, and thus they do not use 
toxic chemicals.  
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1. Gas/Chemical Lasers 
Gas/chemical lasers achieve lasing within a gaseous gain medium. In a gas laser, 
the gain medium is energized via a combustion process; in a chemical laser, the gain 
medium is energized via a chemical reaction. The first high power gas laser was developed 
by the U.S. Navy in 1972 under Project DELTA; it used a CO2 gain medium to achieve 
powers up to 100 kW at a wavelength of 10.6 µm [11]. Many subsequent laser projects 
such as the Army Mobile Tactical Unit and USAF’s Airborne Laser were also 
demonstrated using CO2 lasers. For the U.S. Navy, the operating wavelength of 10.6 µm is 
not suitable for use in the maritime environment, so there was a change of focus to chemical 
lasers in the 1980s. 
The U.S. Navy developed the Mid-Infrared Advanced Chemical Laser (MIRACL) 
in 1980 using Deuterium Fluoride (DF), which lases at a wavelength of about 3.8 µm. It 
was the only laser weapon capable of achieving relatively high-powered output (MW-
class) until the United States Air Force’s (USAF) Airborne Laser (ABL), a chemical 
oxygen iodine laser (COIL). The COIL laser operates at a wavelength of 1.3 µm; the ABL 
weapon and its control system were housed in a Boeing 747. Another notable gas laser 
weapon was the Tactical High Energy Laser (THEL), which was based on a 
hydrogen/deuterium fluoride laser that was jointly developed by the U.S. and Israel.  
Despite being able to produce powers at the MW level, chemical lasers were often 
large, difficult to integrate, limited in “ammunition", and many of them used toxic gases 
[12].  
2. Free Electron Lasers 
Free electron lasers (FEL) use a particle accelerator to increase the speed of a beam 
of free electrons up to nearly the speed of light before passing it through a series of 
alternating magnets called an undulator. This causes the electrons to oscillate and emit 
coherent light at a specific wavelength. A significant advantage of FEL over the other two 
types of lasers is their ability to be tunable. This means that FEL can be designed to operate 
at a suitable wavelength that minimizes atmospheric extinction, allowing for better laser 
propagation. Other benefits of using FEL is that no toxic gases are used (unlike chemical 
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lasers) and easier removal of waste heat from the lasing medium (which is more difficult 
in solid state lasers). The U.S. Navy had various successful demonstrations including a 
10 kW FEL demo in 2004 by Jefferson Lab, suggesting that a MW-class FEL laser could 
eventually be developed [13]. However, the U.S. Navy decided to switch its focus to SSLs 
in March 2011, as it felt that it had the fastest potential to be deployed onboard their ships 
[8]. 
3. Solid State Lasers 
The challenges faced by both the gas/chemical lasers and FEL resulted in the shift 
of focus toward solid state lasers (SSL), which were cheaper and more employable onboard 
ground-based, naval and airborne platforms. Significant advances over the past few 
decades in SSL technology for commercial applications, such as welding, have led to the 
adoption of commercial-off-the-shelf SSL for directed energy applications. 
SSL use a solid (normally a crystalline or glass material doped with an ion) as a 
gain medium. A flash lamp or diode is used to pump the ions to excited energy levels, 
creating the population inversion that is necessary for lasing to occur. The first laser 
demonstration was actually done using flash lamp pumping; SSLs began demonstrating 
improvements in efficiency levels when diode lasers were used as the pump source [14]. 
Common SSLs used for commercial and research application are currently based on solids 
doped with ytterbium (Yb) or neodymium (Nd). Both types emit at a wavelength of about 
1µm, which exhibits sufficient transmission in the atmosphere. The advantage that SSL 
have over other lasers is their compact size and efficiency. There are currently two main 
types of solid-state laser designs that are being developed: (1) slab lasers (e.g., the Joint 
High Power Solid State Laser (JHPSSL) system by Northrop-Grumman), and (2) fiber 
lasers (e.g., the Laser Weapon System (LaWS)). 
(1) Slab Lasers 
Slab SSL use a slab-like material as the gain medium with the pump source at one 
side of the slab and the heat removal from the opposite side. In March 2009, Northrop-
Grunman demonstrated a laser beam with an output power of 105 kW at 1.064 µm by 
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coherently combining 7 slab SSL. The laser beam also had a beam quality1 (BQ) of less 
than 3. However, there are views that slab SSL are not easily scalable up to the MW power 
levels, as heat removal remains a challenge for slab SSL compared to fiber SSL [8]. 
(2) Fiber Lasers 
Fiber SSL use laser diodes as the pump to excite the gain medium; the resulting 
laser beam travels through a fiber. Special optics are used to form a powerful single beam 
by combining the output of multiple fibers. One advantage of the fiber laser is its large 
surface to volume ratio, which allows for a more efficient cooling as compared to a slab 
shape. Other advantages of fiber SSL are that they are more compact than slab lasers and 
that high-power fiber lasers are commercially available. The LaWS system is one such 
operational example where a total of 6 commercial fiber SSL were combined to create a 
~33 kW laser at a wavelength of 1.064 µm. However, the beam quality of the LaWS system 
was only 17, as the lasers from each of the fiber SSL were incoherently combined for it to 
achieve higher power [8]. 
B. ATMOSPHERIC  PROPAGATION MODEL  
The atmosphere generally consists of four distinct layers, of which the layer of 
interest here will be the troposphere. This layer lies from surface to about 10 km. Within 
the troposphere (Figure 1), there exists another distinct layer called the atmospheric 
boundary layer (ABL), which is approximately 1km above the surface but whose thermal 
structure varies throughout the day [15]. This variance is caused by interactions between 
the surface of the earth and winds. Within the ABL, the water vapor content and aerosol 
concentration are reasonably constant with altitude [16]. 
 
1 Beam quality (BQ) is a measure of the ability of a beam to be focused on a spot. A BQ of 1 is the best 
quality and having a lower BQ of 2 means that the laser light has a spot size at the focus that is twice the 
diameter of a laser with a BQ of 1. 
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Figure 1. Troposphere and sublayers within. Source: [15]. 
The propagation of a laser beam across the atmosphere will be affected by the 
various constituents of the atmosphere, such as the gases listed in Table 1. In addition, the 
atmosphere also contains various kinds of aerosols, such as smoke and haze, which will 
also affect the propagation of laser beams. These undesirable effects include turbulence, 
thermal blooming, absorption and scattering, and each of these effects may reduce the 
effectiveness of the laser by the reduction of the peak intensity of the laser. In this section, 
the interdependency between the atmospheric conditions and physical processes (i.e., 
extinction, turbulence, and thermal blooming) that affect laser beam propagation will be 
discussed.  





The molecules and aerosols present in the atmosphere will absorb and scatter the 
laser beam when it is transmitted through the atmosphere [18]. The combination of these 
two effects is best described by Beer’s Law, written as  
𝑃𝑃(𝑅𝑅) = 𝑃𝑃0𝑒𝑒−ℇ𝑅𝑅 . (1) 
In Equation 1, 𝑃𝑃 represents the total power delivered onto a target at a distance R 
away from the source and 𝑃𝑃0 is the initial output power at the source. The term ε represents 
the total extinction coefficient that quantifies how the laser power decays as it propagates. 
This coefficient consists of four main parts, as shown in Equation 2.  
𝜀𝜀 = 𝛼𝛼𝑚𝑚 + 𝛼𝛼𝑎𝑎 + 𝛽𝛽𝑚𝑚 + 𝛽𝛽𝑎𝑎 (2) 
In Equation 2, α and β denote the absorption and scattering coefficients, 
respectively. The subscripts m and a refer to the relative contribution to both processes by 
the molecules and aerosols in the atmosphere. Figure 2 is a plot of the extinction coefficient 
against wavelength generated by MODTRAN2 and shows the effects on the extinction 
coefficient with and without aerosols present in the atmosphere (red and black lines, 
respectively). When molecular absorption is small, the effects of extinction is relatively 
more pronounced, as reflected in Figure 2 (whereby the extinction coefficient is plotted 
based on a logarithmic scale). When aerosols are present, the extinction coefficient is 
significantly higher (~100 times) in regions around 1µm and 1.6µm.  
 
2 MODerate resolution atmospheric TRANsmission (MODTRAN) is a computer code that is used for 
the prediction and analysis of optical measurements through the atmosphere [19]. The plot is generated based 
on a typical summer, mid-latitude, maritime environment. 
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Figure 2. Effects of aerosols on extinction coefficient with red and black 
lines representing the effects with or without aerosols, respectively. 
Source: [20]. 
(1) Absorption 
Absorption occurs when the energy of the photons transmitted by the laser beam 
excites the constituents of the atmosphere (molecules or aerosols) to higher energy levels 
(Figure 3). This occurs through rotational or vibrational transitions, which can eventually 
heat up the atmosphere. For molecular absorption, although N2 (nitrogen) and O2 (oxygen) 
dominate the composition of the atmosphere, their effect on absorption in the near infrared 
wavelength region (where directed energy lasers tend to operate) is negligible as vibrations 
of their symmetric bonds do not produce the changes to the dipole moments that are needed 
to couple strongly to the laser field. Conversely, even though H2O (water vapor) and CO2 
amount to a very small percentage of the atmosphere, they are the main source of the 
absorption of energy due to their asymmetrical bonds. For aerosol absorption, the effects 
are similar but depend more on the size and bulk properties of the aerosols. 
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Figure 3. Change in energy level from absorption of photon 
(2) Scattering 
Scattering occurs when the photons transmitted by the laser are redirected in 
random directions by the constituents of the atmosphere. The type of scattering that occurs 
depends on the wavelength of the laser and the size of the scatterer and can be best 
described using Mie scattering theory. Mie scattering theory assumes (1) all atmospheric 
particles are spherical in shape, (2) the scattering particles are homogenous and have the 
same refractive index, and (3) the incident light is a plane wave. When the size of the 
particle is very small (smaller than the laser wavelength), the Rayleigh scattering limit is 
used to explain the effects of scattering in the atmosphere. The main sources of Rayleigh 
scattering are the N2 and O2 molecules in the air. The effects of Rayleigh scattering are 
stronger for shorter wavelengths; this is the reason why the sky appears blue in the day (as 
the blue light components of sunlight are scattered more) and sunsets are red.3 A full Mie 
scattering description is used when the size of the aerosol becomes comparable to the 
wavelength of the laser. The main sources of Mie scattering in the lower atmosphere are 
water droplets, smoke and dust. For scattering objects with sizes comparable to or greater 
than the wavelength of light, the scattering efficiency is relatively independent of the 
wavelength. This is the reason why clouds are white or grey as all colors of the “white” 
sunlight are scattered equally by the larger water droplets in the cloud. 
 
3 The red light component of sunlight is scattered the least. During sunrise or sunset, as the sunlight 
travels through a long path in the atmosphere before reaching our eyes, the blue light has been mostly 
scattered, leaving behind the red light. 
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2. Turbulence 
The effects of turbulence are due to random variations in air density, primarily as a 
result of temperature fluctuations in the air. This change in air density along the laser 
propagation pathway results in a varying refractive index along the path, causing the laser 
beam to both wander and defocus. The effect of turbulence can be quantified by the 
refractive structure parameter (𝐶𝐶𝑛𝑛2) and the Fried parameter (𝑟𝑟0). 
The refractive structure parameter (𝐶𝐶𝑛𝑛2) is used to describe the local severity of 
turbulence. A large value (𝐶𝐶𝑛𝑛2 ~10-13 m-2/3) represents relatively strong turbulence while a 
smaller value (𝐶𝐶𝑛𝑛2~10-18 m-2/3) represents weak turbulence. Figure 4 shows the effects of 
increasing turbulence (vacuum to severe turbulence) on the intensity of a laser beam at 0.5 
km for a wavelength of 1.045 µm. With an increasing 𝐶𝐶𝑛𝑛2 value, the laser beam starts to 
“break apart” as shown in Figure 4 (c). 𝐶𝐶𝑛𝑛2 is also a function of altitude with typically 
smaller values at higher altitudes.  
 
Figure 4. Intensity contours in the x-y plane for increasing turbulence ; 𝐶𝐶𝑛𝑛2=0 
(vacuum) (a),  𝐶𝐶𝑛𝑛2=10-14 m-2/3 (moderate turbulence) (b), and  𝐶𝐶𝑛𝑛2=10-13 
m-2/3 (severe turbulence), generated using NRL propagation code 
HELCAP (c). Source: [21]. 
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The Fried parameter (𝑟𝑟0) is defined as the diameter over which the laser beam 
maintains transverse coherence throughout the propagation length. It has an inverse 
relationship with the refractive structure parameter (𝐶𝐶𝑛𝑛2). A large 𝑟𝑟0 is obtained when there 
is weak turbulence, and this translates into beam coherence throughout the propagation 
path. Conversely, when there is strong turbulence, 𝑟𝑟0 is small and the laser beam becomes 
incoherent and breaks apart into separate beamlets across the wave front (similar to effects 
shown above in Figure 4 (c)). When the value of 𝐶𝐶𝑛𝑛2 is constant, the Fried parameter can 
be approximated using the following formula, where R is the range to the 
target.




Turbulence tends to have a significant effect on the focusing of a laser beam when 𝑟𝑟0 
becomes smaller than the beam director diameter.  
3. Thermal Blooming 
Thermal blooming occurs as a result of the absorption process described earlier, 
and it has a significant effect on laser beam propagation at high powers (hundreds of kW) 
and long ranges (multi-km) [21]. Due to the increase in temperature caused by heat when 
absorption occurs, the air density and index of refraction changes. The heated air expands 
and reduces the refractive index, resulting in the formation of a “lens.” This “lens” de-
focuses the laser beam and causes it to spread, which reduces the irradiance on the target.  
The presence of wind can help to mitigate the effects of thermal blooming as it 
cools down the air column where the beam is propagating by bringing in “new air.” The 
laser beam will also bend into the wind, resulting in a characteristic crescent-shaped spot 
on the target. Alternatively, choosing a wavelength that is not significantly affected by the 
absorption process can help to mitigate the effects of thermal blooming. 
4. Lidar and the Atmosphere 
Advances in remote sensing have allowed applications for this relatively new 
technology in the field of atmospheric research. Of note, lidar is one technique that  
has been increasingly used to determine the basic but variable constituents of the 
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atmosphere (e.g., clouds and aerosols). The acronym lidar stands for LIght Detection And 
Ranging; it is a remote sensing technique that uses pulsed laser light to measure distances 
based on the reflected signals. The development of lidar technology began with the 
invention of the laser in 1960, and its progress has always been strongly dependent on the 
corresponding progress in laser, optical, and electronic technology [22]. The maturity of 
lidar technology is evident from its numerous applications to atmospheric research, much 
of which has been done under the umbrella of NASA’s Lidar Applications Groups that are 
dedicated to studying the atmosphere using laser remote sensing [23]. Our interest in lidar 
for this study is its ability to provide the aerosol extinction coefficient across a height 
profile of the atmosphere, which will be elaborated further upon in Chapter IV. The 
subsequent few sections will give a brief description of how lidar works and the physical 
equations behind it.  
a. Typical Lidar Setup 
A typical setup of a lidar system consists of a transmitter and receiver (as shown in 
Figure 5). The type of laser used in lidar depends on the application; typical wavelengths 
range from 250 nm to 11 μm. A common laser used is the Nd:YAG that emits at a 
wavelength of 1064 nm. It is also common to use frequency doubling and/or tripling of the 
Nd:YAG transmission to convert the wavelength to 532 nm or 355 nm, respectively. A 
laser beam with a short pulse width ranging from a few to one-hundred nanoseconds 
(depending on the type of laser) is transmitted, most commonly through a beam expander 
to reduce the divergence of the beam to values of the order of 100 μrad before it is emitted. 
This will allow the field-of-view of the receiver telescope to be kept low such that it only 
“collects” photons that have been backscattered by particles in the atmosphere and not 
background light (i.e., from the sun). The collected light is filtered for the native 
wavelengths and/or polarization states before being directed to the detector through a field 
stop. Thereafter, these optical signals are then converted to electrical signals and stored in 
a computer with important data such as the intensity and time elapsed from transmission 
of the laser pulse. The signal detection is usually done with photomultiplier tubes (PMTs) 
or avalanche photodiodes (APDs), which allows for photons to be counted individually. 
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Figure 5. Typical setup of a lidar system. Source: [22] 
b. Lidar Equation 
The generic lidar equation is written as 
𝑃𝑃(𝑅𝑅, 𝜆𝜆) = 𝐾𝐾𝐾𝐾(𝑅𝑅)𝛽𝛽(𝑅𝑅, 𝜆𝜆)𝑇𝑇(𝑅𝑅, 𝜆𝜆) +  𝑃𝑃𝑏𝑏𝑏𝑏, (4)
where 𝑃𝑃(𝑅𝑅, 𝜆𝜆) is the signal received at the detector from a distance R at a wavelength 𝜆𝜆, K 
characterizes the linear gain of the lidar system, G accounts for the range-dependent 
measurement geometry, 𝛽𝛽 is the backscatter coefficient of the scattering particles and T is 
the transmission term that describes how much light is lost on the way from the lidar to a 
distance R and back [22]. The detected signal by the lidar will also consist of background 
signals (𝑃𝑃𝑏𝑏𝑏𝑏) such as scattered sunlight in the day or detector noise, and must be subtracted 
from the lidar signal before further evaluation. The first two terms (K and G) are dependent 
on the lidar setup and can be moderated by the user, while the last two terms (𝛽𝛽 and 𝑇𝑇) are 
dependent on the atmosphere and are unknowns to be determined via measurements. 
Further elaborations on these four terms will be done in the subsequent sections.  
(1) Lidar performance term K  
The lidar performance term K can be further broken down into 
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where 𝑃𝑃0 is the average output of a single laser pulse, c is the speed of light, 𝑡𝑡 is the pulse 
length, A is the receiver optics area and 𝐴𝐴 is the overall system efficiency [22]. The term 
𝑃𝑃0 can also be rewritten as 𝐸𝐸0/ 𝑡𝑡, where 𝐸𝐸0 is the laser energy emitted per pulse. The term 
𝑐𝑐𝑡𝑡/2 represents the length of the region from which the backscattered light is received 
instantaneously (as depicted by the region ∆𝑅𝑅 in Figure 6) and is called the effective spatial 
pulse length. The factor of 1/2 is to account for the signals received simultaneously that 
have been scattered off a particle from both the leading and trailing edge of the pulse. 
 
Figure 6. Illustration of laser beam and receiver field of view of lidar. 
Source: [22]. 
(2) Range-dependent measurement geometry term G(R) 
The range dependent geometric factor G is dependent on the laser-beam receiver 
field-of-view overlap function O(R) and is inversely related to the square of the range (𝑅𝑅2) 
as shown as 
𝐾𝐾(𝑅𝑅) =  𝑂𝑂(𝑅𝑅)
𝑅𝑅2
. (6)
O(R) characterizes how much the telescope can see the laser beam cross section and has a 
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value approaching zero at the lidar and a value of one when the laser beam is completely 
imaged onto the receiver field-of-view as depicted in Figure 6 above [22].  
(3) Backscatter Coefficient 𝛽𝛽(𝑅𝑅, 𝜆𝜆) 
The backscatter coefficient 𝛽𝛽(𝑅𝑅, 𝜆𝜆) is the main factor that affects the strength of the 
lidar signal returns because of the contents in the atmosphere. It is a measure of the amount 
of light that is scattered backwards at a scattering angle of 180° towards the direction of 
the lidar receiver and can be written as 
𝛽𝛽(𝑅𝑅, 𝜆𝜆) =  ∑ 𝑁𝑁𝑗𝑗(𝑅𝑅)
𝑑𝑑𝜎𝜎𝑗𝑗,𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑Ω
(𝜋𝜋, 𝜆𝜆)𝑗𝑗 , (7)
where 𝑁𝑁𝑗𝑗 is the concentration of scattering particles of type j in the volume illuminated by 
the laser pulse, 𝑑𝑑𝜎𝜎𝑗𝑗,𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑Ω
 is the particle’s differential scattering cross sectional area for the 
backward direction for a wavelength 𝜆𝜆, and the summation occurs over all the different 
kinds of scatterers [22]. Equation 7 is related to the scattering components of the extinction 
coefficient stated in Equation 2, mainly the molecular scattering term (𝛽𝛽𝑚𝑚) and the aerosol 
scattering term (𝛽𝛽𝑎𝑎); the difference is that the differential cross section in Equation 7 is 
evaluated only in the backward (180°  or 𝜋𝜋 rad) direction (i.e. 𝛽𝛽𝐵𝐵𝐵𝐵 =  ∑ 𝑁𝑁𝑗𝑗
𝑑𝑑𝜎𝜎𝑗𝑗
𝑑𝑑Ω
(𝜋𝜋)𝑗𝑗 ), while 
the integral of the differential cross section area over all angles is used in Beer’s law (i.e. 




(4) Transmission Term T (𝑅𝑅, 𝜆𝜆) 
The transmission term 𝑇𝑇(𝑅𝑅, 𝜆𝜆) accounts for the proportion of light lost from the 
transmission from the lidar to the scattering volume and back to the lidar receiver. It is 
defined as the following and is based on the Beer’s law for lidar [22].  
𝑇𝑇(𝑅𝑅, 𝜆𝜆) = 𝑒𝑒�−2∫ 𝜀𝜀(𝑅𝑅,𝜆𝜆)
𝑅𝑅
0 𝑑𝑑𝑅𝑅� (8) 
𝜀𝜀 is the extinction coefficient similar to the extinction mentioned earlier in Equation 2 but 
it has a factor of two to account for the round trip transmission. From Equation 2, the 
extinction coefficient is comprised of molecular terms and aerosol terms. The combined 
molecular contributions are estimated from appropriate standard atmospheric models, 
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whilst the corresponding extinction coefficient and backscattering coefficient for aerosols 
are unknown and have to be measured [24]. The transmission term can have values ranging 
between 0 and 1. 
The combination of the four expanded terms results in the following revised form 
of the lidar equation, (from Equation 4): 







0 𝑑𝑑𝑅𝑅�  +  𝑃𝑃𝑏𝑏𝑏𝑏. (9)
There are, in effect, two unknowns in this equation: the combined backscattering aerosol 
coefficient 𝛽𝛽(𝑅𝑅, 𝜆𝜆) and the combined aerosol extinction coefficient 𝜖𝜖(𝑅𝑅, 𝜆𝜆). To find both, 
either additional measurements must be recorded and/or assumptions must be made about 
the relationship between the backscattering and extinction coefficients. These two terms 
can be related by the particle lidar ratio 𝐿𝐿𝑎𝑎(𝑅𝑅), which is defined as  




Unlike the molecular lidar ratio, which is a constant, the particle lidar ratio is range 
dependent, and a function of the size, shape and chemical composition of the particles [16]. 
A sun photometer (which will be elaborated on further subsequently) that measures the 
aerosol optical depth can then be used to calculate the value of the Angstrom parameter. 
The Angstrom parameter relates the effect of wavelength dependence of light on the optical 
thickness induced by an aerosol and it is used to convert the lidar aerosol extinction 
coefficient to the wavelength (1064 nm) equivalent value for our modeling. 
C. TARGET DAMAGE PHYSICS  
Laser weapons can cause a wide range of damage effects to the target. A laser can 
perform a “soft kill” by dazzling the sensor payload of a target (e.g., a missile), causing it 
to go blind and abort its mission. It can also do a physical “hard kill,” shooting down the 
target by (1) burning a hole through the target’s structure, disrupting its structural integrity 
and causing it to break apart, or (2) igniting its fuel tank or payload, causing it to explode. 
The ability to quantify a “soft kill” is highly dependent on the properties of the sensor 
which the laser beam is trying to damage and these are often classified. However, the ability 
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to quantify a physical damage caused to the target (resulting in a hard kill) is more 
measurable and these metrics will be discussed next. 
1. Power-in-the-Bucket 
Power-in-the-Bucket (PIB) is defined as the total power delivered within a pre-
defined area (“bucket”) on the target. The typical bucket area is ~100 cm2 with the power 
required ~100 kW for soft targets like UAV and ~1 MW for hard targets like missiles [25] 
for reasonable dwell times. This metric quantifies useful power delivered to the target area; 
power that reaches the target plane but outside of the bucket area is, presumable, less 
capable of damaging the target. Effects that cause the beam to spread, such as turbulence, 
may cause a significant amount of laser power to fall outside of the bucket area. 
2. Irradiance 






Irradiance is the power (P) delivered per beam area (A) with units of watts per square 
centimeter. The effective area of a uniform cylindrical beam (“a top hat beam”) with 
equivalent peak intensity and power as a cylindrical gaussian beam (with spot size radius 
𝜔𝜔) has a value of  𝜋𝜋𝑟𝑟2, where 𝑟𝑟 =  √2𝜔𝜔 [26]. The peak irradiance value is twice the total 
energy divided by the effective area of the gaussian beam and the average irradiance is 
obtained by dividing the total energy in the laser beam over the effective area. The term 
irradiance is also often used interchangeably with the term intensity. The typical damage 
threshold values range from ~1kW/cm2 for soft targets to ~10kW/cm2 for hard targets [25]. 
3. Fluence 
 Fluence (F) is defined by the following equation. 







Fluence is the total energy delivered per unit area of the target with units of kJ per 
square centimeters. One way to calculate fluence is to divide the energy that is deposited 
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onto the target (i.e., PIB x dwell time) by the bucket area. The typical damage thresholds 
range from ~5 kJ/cm2 for soft targets to ~50 kJ/cm2 for hard targets [25]. Damage criteria 
for targets are often defined in terms of threshold lethal fluence that must be exceeded for 
a hard kill. This assumes, however, that the energy deposited into the target area remains 
in place (i.e., instead of diffusing into the surrounding material or radiating away). 
One way of estimating lethal fluence is by determining the amount of energy 
required (per unit area) to melt a hole of a desired thickness, shown in the following 
equation. 
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐 =  
𝜌𝜌𝜌𝜌[𝐶𝐶(𝑇𝑇𝑚𝑚 − 𝑇𝑇) + 𝐻𝐻𝑚𝑚]
(1 − Γ)
 (13) 
The fluence required to melt a target of thickness 𝜌𝜌 is dependent on the following 
parameters: (1) specific heat capacity C of the target material, (2) material temperature T 
and melt temperature 𝑇𝑇𝑚𝑚, (3) latent heat of melting of the target material 𝐻𝐻𝑚𝑚, and (4) 
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III. ENVIRONMENT OF SOUTHEAST ASIA AND POTENTIAL 
APPLICATIONS OF HEL IN SEA 
A. ENVIRONMENT OF SOUTHEAST ASIA 
Southeast Asia (SEA) is made up of eleven countries4  (as shown in Figure 7) and 
stretches from eastern India to China. The climate is generally tropical and similar 
throughout all countries - high temperature and humidity year round. Consistent rainfall is 
also experienced all year round. Biomass burning, industry and automobiles are the main 
contributors to air pollution in the region [27]. In the past two decades, the air quality has 
further worsened due to primarily agricultural fires from Indonesia. The above 
environmental aspects of SEA will be elaborated on in the subsequent sections.  
 
Figure 7. Map of  Southeast Asia. Source: [28]. 
 
4 The eleven countries are Brunei, Cambodia, East Timor, Indonesia, Laos, Malaysia, Myanmar, 
Phillippines, Singapore, Thailand and Vietnam. 
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1. High Humidity  and Rainfall 
The relative humidity is generally high across the SEA region. In the city state of 
Singapore, the mean annual relative humidity is 84% [29]. The daily value varies from 
greater than 90% in the morning to approximately 60% in the mid-afternoon if there is no 
rain [30]. However, this value increases to 100% during periods of prolonged rain. For the 
case of Thailand, the mean annual relative humidity ranges between 73% in Northern 
Thailand to 80% in Southern Thailand [31]. For a fixed wavelength, higher humidity will 
generally result in more extinction in the laser beam propagation as water vapor will 
condense on the aerosol particles, resulting in a larger scattering cross sectional area [32]. 
The SEA region experiences significant rainfall especially two monsoon periods: 
(1) the northeast monsoon from November to March, and (2) the southwest monsoon from 
May to September. Further interactions between the monsoon and the Inter-tropical 
Convergence Zone5 cause heavy rain during summer [34]. Figure 8 shows the monthly 
averaged total rainfall values for the capital cities of Thailand, Cambodia, Laos, Vietnam, 
Philippines, Malaysia, Singapore, and Indonesia, respectively. The increasing trend of 
rainfall from June through September can be seen for countries above the equator in the 
Northern hemisphere (except Jakarta, Indonesia) and vary from a monthly rainfall rate of 
150 mm up to a maximum of 500 mm.6 The reverse trend of higher rainfall rate can be 
seen for Jakarta from November to March as it lies below the equator. As heavy rain will 
reduce the effective range of the laser beam, since light will be more readily scattered and 
attenuated by the rain droplets, it is necessary to study the extent to which laser beam 
propagation is affected by rain. 
 
5 The Intertropical Convergence Zone, or ITCZ, is the area near the equator where the trade winds of the 
Northern and Southern Hemispheres come together. The convergence of the trade winds causes air to expand 
and rise. As it cools, it releases the accumulated moisture in the form of thunderstorms [33]. 




Figure 8. Monthly averaged total rainfall values for selected capital cities of 
SEA. Source: [36]. 
2. Haze 
Indonesia experiences annual agricultural fires in Sumatra and Kalimantan due to 
farmers and corporations using the ‘slash-and-burn’ method to clear vegetation for their 
plantations. The haze occurs when the fires gets out of control and spread into the 
surrounding forested areas. Furthermore, the burnt land also becomes drier, which makes 
it prone to catching fire again when subsequent ‘slash-and-burn’ clearings occur.  
The haze problem had worsened in the past two decades as more land has been 
cleared for plantations in the lucrative palm oil trade [37]. On top of affecting just 
Indonesia, the haze usually spreads northwards, impacting SEA countries like Singapore, 
Malaysia, and to a lesser extent Thailand, Philippines and Vietnam. A NASA satellite 
image below shows the extent of the haze that occurred on 24 Sep 2015, with Singapore, 
Malaysia and Southern Thailand (top left of Figure 9) being blanketed by the haze. The 
Pollutions Standard Index, a type of air quality index, rose to its highest in the hazardous 
range of 341 that day in Singapore, leading to the closure of schools. Together with the 
pollutants emitted from power plants and vehicles, these aerosols are emitted in the ABL 
[38]. Hence, it is important to study the effectiveness of laser weapon systems in haze as 
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this will result in the absorption and scattering of the laser beam (much like in rain), 
resulting in a reduced effective range performance. 
 
Figure 9. NASA Satellite image showing extent of haze on  
24 September 2015. Source: [39]. 
B. POTENTIAL APPLICATIONS OF HEL  
With the defeat of Al Qaeda in Afghanistan and recently ISIS, questions have been 
raised if the next war on terror will be in SEA given that ISIS has influence over Muslim 
extremist groups in Indonesia, Malaysia, and the Philippines [6]. There have been various 
attacks across SEA that had been attribute to Islamic extremists based in SEA, but the two 
notable near-miss incidents - one in Singapore and one in Venezuela - demonstrates two 
potential targets which HEL can be used against.  
For the Indonesian incident, a local terror group had planned to launch a rocket 
attack from Batam, Indonesia, at the Marina Bay Sands Resort in Singapore, but they were 
arrested by Indonesian police in August 2016 before the attack could materialize [7]. If 
such an attack were to have happened anywhere in SEA, there are no officially known 
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missile systems that will be able to take down rockets or missiles in the region. The U.S. 
Navy has identified HEL as a potential gamechanger against such threats [8]. Furthermore, 
compared to traditional weapon systems, the risk of collateral damage from engaging such 
threats is reduced. 
Another tactic that is being employed by terrorists of late is the deployment of 
suicide drones. An example was the assassination plot against the Venezuelan President on 
August 4, 2018, using two drones packed with explosives. Such weaponized drones are 
also being employed by Hezbollah and allegedly Houthi Rebels against Saudi Air Defense 
Systems in Yemen [40]. The fear is that such copycat tactics will also be employed by 
terrorist groups in SEA. Although traditional air defense weapons are able to take down 
such drones, they are not cost effective. Comparatively, a shot from the HEL is 
significantly cheaper than a missile [8], with less collateral damage as well.  
The ability of HEL to carry out fast engagements with minimal collateral damage 
are two significant reasons why militaries in SEA should explore the employment of HEL 
in the region for defensive operations during peacetime. The deployment of HEL during 
peacetime against (1) rockets and (2) UAV launched by terrorists will be cheaper and more 
efficient than deploying conventional air defense missile weapon systems as HEL will also 
be able to take out aircraft in the event that a 9–11 incident were to occur again. Similar to 
what the Iron Dome has done for Israel, having a HEL as a defensive system can help the 
politicians to have the “space” to absorb these attacks without any casualties whilst 
determining the next course of action. If such a system were not to be present and casualties 
were suffered, the politicians might be “pressured” to have an immediate show of force to 
appease the people without having much time to think about the consequences. 
26 
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IV. SIMULATION OF HEL APPLICATION IN SEA  
The simulation of HEL will be based off the scaling method and the Fresnel 
diffraction model, whereby both will be solved using MATLAB. The main input that 
affects the extinction coefficient of the laser beam is varied to determine the effectiveness 
of the HEL. The data are obtained from the MPLNET7/AERONET8 datasets from the 
Seven Southeast Asian Studies (7SEAS) program9 for the aerosol extinction component 
and from MODTRAN for the molecular extinction component. 
A. FRESNEL DIFFRACTION MODEL 
The diffraction of light follows the full three dimensional (3D) wave equation, 
which is difficult to solve analytically. Approximations to the 3D wave equation will be 
made to simplify it such that it can be modeled using the 1D paraxial wave equation based 
off the Huygens-Fresnel Principle. 
1. Huygens-Fresnel Principle 
The Huygens Principle, proposed by Christiaan Huygens in 1690, states that all 
points of a propagating wavefront of light in a vacuum or transparent medium act as sources 
of new spherical secondary wavelets [43]. The (complex) electric field at a distance r away 
from each point on the wave front can be represented by 




where ?̃?𝐴 is the complex amplitude, k  is the wave vector (with magnitude k = 2𝜋𝜋/𝜆𝜆), and 
𝑟𝑟 = �(𝑥𝑥𝑠𝑠 − 𝑥𝑥)2 + (𝑦𝑦𝑠𝑠 − 𝑦𝑦)2 + 𝑧𝑧2, (15) 
 
7 The NASA Micro-Pulse Lidar Network (MPLNET) is "a federated network of Micro-Pulse Lidar 
(MPL) systems designed to measure aerosol and cloud vertical structure, and boundary layer heights" [41]. 
8 The AERONET (AErosol RObotic NETwork) project is "a federation of ground-based remote sensing 
aerosol networks established by NASA and PHOTONS" [42]. 
9 The 7SEAS program was "formed to facilitate interdisciplinary research into the integrated SEA 
aerosol environment" [27]. 
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with 𝑥𝑥𝑠𝑠 and 𝑦𝑦𝑠𝑠 being the light source coordinates, and 𝑥𝑥 and 𝑦𝑦 the target coordinates, 
respectively, and 𝜔𝜔 is the angular frequency of the wave [44]. The new secondary wave 
front can then be reconstructed by summing all the wavelets, as shown in Figure 10. 
 
Figure 10. Diffraction based on Huygens’ principle 








where 𝜀𝜀0 is the vacuum permittivity constant, c is the speed of light, and 𝐸𝐸�∗ is the complex 
conjugate of the field [44]. For diffraction from discrete sources, the field is then the sum 
of all the point sources (n) having the same wavelength as shown in Equation 17, which 








The Huygens-Fresnel principle was subsequently developed by Augustin-Jean 
Fresnel. It further extended Huygens’ treatment of diffraction to continuous sources by 







 𝑒𝑒𝑖𝑖(𝒌𝒌⋅𝒓𝒓−𝜔𝜔𝑐𝑐)𝑑𝑑𝑥𝑥𝑠𝑠𝑑𝑑𝑦𝑦𝑠𝑠. (18) 
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Figure 11. Diffraction from continuous sources. Source: [44]. 
Assuming that the source and target illustrated above are far apart (i.e., 𝑧𝑧) as 
compared to the wavelength, which is the case for our laser weapon systems in our 
scenario, then 𝑟𝑟 ≈ 𝑧𝑧 =constant. We can then factor 𝑧𝑧 out and perform a paraxial 
approximation on it by Taylor expanding 𝑟𝑟. After some rearranging, Equation 18 then 
becomes














For directed energy applications, we then solve the Fresnel diffraction integral to 
obtain the corresponding intensity of the laser beam [44]. There is more than one method 
available for evaluating the Fresnel diffraction integral. In this study, we will use the 
convolution method [45]. 
2. Solving Fresnel Diffraction as a Convolution  
The convolution operation between two functions is 
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𝐶𝐶𝑓𝑓𝑏𝑏(𝑥𝑥) = 𝑓𝑓(𝑥𝑥)⨂𝑔𝑔(𝑥𝑥) ≡ ∫ 𝑓𝑓(𝑥𝑥′)𝑔𝑔(𝑥𝑥 − 𝑥𝑥′)𝑑𝑑𝑥𝑥′,
∞
−∞ (21)
where ⨂ is the convolution operator. The convolution theorem is such that the Fourier 
transform of the convolution is the product of the Fourier transforms of the original 
functions as  
ℱ[𝑓𝑓(𝑥𝑥)⨂𝑔𝑔(𝑥𝑥)] = ℱ[𝑓𝑓(𝑥𝑥)] ℱ[𝑔𝑔(𝑥𝑥)]. (22) 
To get the actual convolution, an inverse transform can be applied to Equation 22, 
as  
𝑓𝑓(𝑥𝑥)⨂𝑔𝑔(𝑥𝑥) = ℱ−1{ℱ[𝑓𝑓(𝑥𝑥)] ℱ[𝑔𝑔(𝑥𝑥)]}. (23) 
Hence, to solve the Fresnel diffraction integral (Equation 19) in MATLAB, we 
combine all of the exponential terms and rearrange them in the following form such that 




𝑒𝑒𝑖𝑖(𝒌𝒌𝑧𝑧−𝜔𝜔𝑐𝑐) �𝐸𝐸�0(𝑥𝑥𝑠𝑠, 𝑦𝑦𝑠𝑠) 𝑒𝑒
𝑖𝑖 𝑘𝑘2𝑧𝑧[�(𝑥𝑥−𝑥𝑥𝑠𝑠)
2+(𝑦𝑦−𝑦𝑦𝑠𝑠)2�]𝑑𝑑𝑥𝑥𝑠𝑠𝑑𝑑𝑦𝑦𝑠𝑠 (24) 
We then define 𝑓𝑓(𝑥𝑥) and 𝑔𝑔(𝑥𝑥) as [34] 








Both Equations 25 and 26 are then plugged into Equation 23, and then together with 
Equations 21 and 24, are used to solve for the field. Once the electric field has been 
determined, the intensity of the light can be determined by multiplying Equation 16 with 







B. SCALING METHOD 
Another method that can enable us to rapidly estimate the intensity of the laser on 
the target at an accuracy of +/- 20% of the simulated results is called the scaling method. 
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This method allows for us to generate many data points at a much more efficient manner 







where < 𝐼𝐼𝑐𝑐 > is the time-averaged peak intensity on the target, 𝑃𝑃0 is the laser power at the 
source, and < 𝑤𝑤𝑐𝑐𝑡𝑡𝑐𝑐 > is the characteristic time-averaged laser spot radius on the target. 
The spot radius assumes a Gaussian profile and is estimated by  
< 𝑤𝑤𝑐𝑐𝑡𝑡𝑐𝑐 > = �𝑤𝑤𝑑𝑑2 + 𝑤𝑤𝑐𝑐2, (29) 
where 𝑤𝑤𝑑𝑑 is the spot radius contribution due to diffraction and 𝑤𝑤𝑐𝑐 is the spot radius 
contribution due to turbulence. These contributions can be calculated by using Equations 









where 𝑎𝑎 is the beam director radius and 𝑟𝑟0 is the Fried parameter. 
C. MPLNET/AERONET DATASETS FROM 7SEAS PROGRAM 
As part of the 7SEAS program to study the interactions of pollution with regional 
meteorology, an Aerosol Robotic Network (AERONET) sun photometer and a Micro-
Pulse Lidar Network (MPLNET) instrument from the National Aeronautics and Space 
Administration (NASA) were deployed in Singapore in 2009 to study the aerosol, clouds 
and radiation environment of the region [46]. Singapore was chosen due to its location in 
the middle of the Malay Peninsula and Indonesia Archipelago, and is currently one of the 
few sites still active and functioning. A detailed measurement campaign on the aerosol 
content over Singapore from October 2009 through March 2011 was collected by this 
setup, and these data are used in our study [46]. 
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1. AERONET Sun Photometer 
The CE318 Sun Photometer has been in use by AERONET since 1992 to measure 
direct sunlight over a narrow range of wavelengths. Parameters like the Aerosol Optical 
Depth (AOD) can subsequently be derived to characterize aerosols. The AOD is defined 
as a measure of the extinction of aerosols distributed within a column of air from the 
instrument at Earth’s surface to the top of the atmosphere [47]. The sun photometer that is 
deployed in Singapore is as shown in Figure 12.  
 
Figure 12. AERONET sun photometer in Singapore. Source: [48]. 
The voltage (V) measured by a sun photometer is directly proportional to the solar 
irradiance, and is defined as 
𝑉𝑉(𝜆𝜆) = 𝑉𝑉0(𝜆𝜆)𝑑𝑑2𝑒𝑒−𝑐𝑐(𝜆𝜆)𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚, (32)
whereby 𝑉𝑉0 is the voltage which is proportional to the relative extraterrestrial solar 
irradiance measured at a wavelength 𝜆𝜆, d is the ratio of the average to actual Earth-Sun 
distance, 𝜏𝜏(𝜆𝜆)𝑐𝑐𝑡𝑡𝑐𝑐 is the total optical depth and m is the optical air mass (a dimensionless 
quantity that is strongly dependent on the secant of the solar zenith angle [49] [50]). 𝜏𝜏(𝜆𝜆)𝑐𝑐𝑡𝑡𝑐𝑐 
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is the integral of the extinction coefficient (𝜀𝜀) across a specified range. In general, the more 
molecules or aerosols are present in the atmosphere, the smaller amount of sunlight will 
reach the detector (as they are scattered outside of the constant field-of-view), translating 
into a smaller voltage from the sun photometer. The AOD is then obtained by Equation 33, 
whereby the optical depth of water vapor, Rayleigh scattering, and other wavelength 
dependent trace gases are subtracted from the total optical depth, or 
𝜏𝜏(𝜆𝜆)𝑎𝑎 = 𝜏𝜏(𝜆𝜆)𝑐𝑐𝑡𝑡𝑐𝑐 − 𝜏𝜏(𝜆𝜆)𝐻𝐻2𝑂𝑂 − 𝜏𝜏(𝜆𝜆)𝑅𝑅𝑎𝑎𝑦𝑦𝑚𝑚𝑚𝑚𝑖𝑖𝑏𝑏ℎ − 𝜏𝜏(𝜆𝜆)𝑂𝑂3 −  𝜏𝜏(𝜆𝜆)𝑁𝑁𝑂𝑂2 − 𝜏𝜏(𝜆𝜆)𝐶𝐶𝑂𝑂2 −  𝜏𝜏(𝜆𝜆)𝐶𝐶𝐻𝐻4 . (33) 
The aerosol AOD obtained for both 532 nm and 1064 nm can then be used to 
determine the Angstrom parameter (Å), which is then used to convert the aerosol extinction 
coefficient obtained by the Micropulse Lidar (MPL) based on 532 nm to that of 1064 nm. 
This is required as the MPL’s aerosol extinction results is based on 532 nm but the HEL 
system that we are simulating will be represented by a wavelength of 1064 nm. The 
Angstrom parameter can be calculated using the following formula. 






The monthly average AOD data for both wavelengths were extracted from 
AERONET for 201010 and the corresponding Angstrom parameter was tabulated, with the 
results as shown in Table 2. Calculations reveal an average Angstrom parameter of 1.38 
for the year 2010. 
Table 2. Monthly tabulated average values for Angstrom parameter (Å) 
10 https://aeronet.gsfc.nasa.gov/new_web/V3/climo_new/LEV20/Singapore_500 
Month Jan Feb Mar Apr May Jun 
𝛼𝛼 0.97 1.29 1.47 1.62 1.45 1.45 
Month Jul Aug Sep Oct Nov Dec 
𝛼𝛼 1.56 1.29 1.52 1.46 1.50 1.06 
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2. Micro-Pulse Lidar 
The Micro-Pulse Lidar was developed in 1992 at National Aeronautics and Space 
Administration (NASA) Goddard Space Flight Center (GSFC) [51] and is useful in the 
detection of aerosols in the atmosphere as they are sensitive to the smaller atmospheric 
particles due to their enhanced scattering at visible wavelengths [52]. In coaxial systems 
(like the MPL instrument), the laser beam is emitted alongside the same axis as the receiver 
telescope. For the case of the MPL instrument, the lasers used are a 1047nm 1W that is 
frequency doubled to 527 nm. The photon detector used is an EG&G SPCM-AQ-100 
Geiger mode avalanche photodiode (GAPD). The transmitter and receiver both share a 
common optical path through a approximately 20-cm aperture with adjustable focal length  
as depicted in Figure 13.  
 
Figure 13. Simplified MPL design. Source: [53]. 
By multiplying the original lidar equation (Equation 4) by a factor of R2, we obtain 
the range corrected lidar signal 𝑆𝑆(𝑅𝑅), which is equivalent to  
𝑆𝑆(𝑅𝑅) ≡ 𝑃𝑃(𝑅𝑅)𝑅𝑅2 = 𝑂𝑂(𝑅𝑅)𝐾𝐾𝛽𝛽(𝑅𝑅)𝑒𝑒−2𝜀𝜀𝑅𝑅 . (35) 
The value of 𝑆𝑆(𝑅𝑅) is also measured by the returns from MPL via  
𝑆𝑆(𝑅𝑅) = ��𝑎𝑎(𝑅𝑅) 𝑥𝑥 𝐷𝐷[𝑎𝑎(𝑅𝑅)]� − 𝑎𝑎𝑎𝑎𝑎𝑎(𝑅𝑅) −  𝑎𝑎𝑏𝑏�𝑅𝑅2, (36)
where 𝑎𝑎 is the measured signal return in photon count per second at range 𝑅𝑅, 𝐷𝐷[𝑎𝑎(𝑅𝑅)] is 
the dead time, 𝑎𝑎𝑎𝑎𝑎𝑎(𝑅𝑅) is afterpulsing, and  𝑎𝑎𝑏𝑏 is the background photon count. Taking the 
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natural logarithm of both sides of Equation 35, and equating 𝑂𝑂(𝑅𝑅0)=1, (assuming overlap 
occurs at range 𝑅𝑅0) gives us 
ln[𝑆𝑆(𝑅𝑅)] = ln[𝐾𝐾𝛽𝛽(𝑅𝑅)]− 2𝜀𝜀𝑅𝑅. (37)
To solve them, a simplified way is to assume that the MPL is operating horizontally where 
the atmospheric layer becomes homogenous, resulting in the term ln[𝐾𝐾𝛽𝛽(𝑅𝑅)] becoming a 
constant. By plotting a graph of ln[𝑆𝑆(𝑅𝑅)] against 𝑅𝑅 as a straight line past 𝑅𝑅0, the values of 
𝜀𝜀 and 𝛽𝛽(𝑅𝑅) can be determined. The values of 𝜀𝜀𝑎𝑎 can be obtained from the MPLNET 
database. For the case of vertical deployment of the MPL, the solution is explained by 
Welton et al [54]. 𝐾𝐾 is obtained following a calibration using data measured from the MPL 
in a 1 km calibration zone and AOD data obtained from Sun Photometer (AERONET). 
Values of 𝛽𝛽(𝑅𝑅) can be obtained through the lidar ratio for each 𝜀𝜀𝑎𝑎. These values can then 
be converted to the corresponding wavelength-related values using the Angstrom 
parameters calculated using the AOD data from the sun photometer and the following 
equation 
[45].
Å = − ln(𝜀𝜀(𝜆𝜆1)𝑠𝑠)−ln(𝜀𝜀(𝜆𝜆2)𝑠𝑠)
ln 𝜆𝜆1−ln𝜆𝜆2
 (38)
Chew et. al. had previously captured the aerosol extinction coefficient using an MPL at 
527 nm as part of their study and the results are as shown in Figure 14. A general profile 
of decreasing aerosol extinction coefficient with increasing height is depicted in the figure 
and the bulk of the aerosols can be found within the boundary layer. 
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Figure 14. Aerosol extinction profile over Singapore from October 2009 to 
March 2011 using MPL at a wavelength of 527 nm with horizontal bars 
representing the spread of data. Source: [46]. 
D. MODTRAN 
Developed and maintained as part of a collaboration between Spectral Sciences, 
Inc and Air Force Research Laboratory, MODerate resolution atmospheric TRANsmission 
(MODTRAN) is a computer code that is widely used for the prediction and analysis of 
optical measurements through the atmosphere [19]. MODTRAN is a quick way of 
obtaining optical properties and allows us to obtain the extinction coefficient of the 
atmosphere for a particular wavelength for certain pre-defined atmospheric model and 
conditions. Of the six preset atmospheric models available in MODTRAN [55], the one 
with conditions most relevant to Southeast Asia is that of the Tropical Atmosphere (15° 
latitude). Available conditions that can be changed include visibility and this will be 
modified during the simulation to obtain the various molecular extinction coefficients. 
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E. SIMULATED SCENARIOS 
In this study, scenarios involving two different targets will be simulated. The first 
scenario will involve an engagement against a commercial UAV with an Aluminum body 
frame as shown in Figure 15 (e.g. DJI Matrice 600). This class of commercial UAVs was 
suspected to be the weapon that was used for the attempted assignation on Venezuela’s 
president [56]. The second scenario will involve an engagement against a 122mm rocket 
artillery shell with steel warhead casing as shown in Figure 16 (e.g. Grad 20 Rocket) [57].  
 
Figure 15. DJI Matrice 600 commercial UAV [58] 
 
Figure 16. 122mm rocket artillery warhead[59] 
In both scenarios, a 50 kW laser weapon system is assumed to be deployed on 
ground with a wavelength of 1.064 𝜇𝜇𝜇𝜇 and beam director diameter of 50 cm. Both cases 
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will assume that the laser has to melt an area of 10cm x 10 cm and thickness of 1 mm for 
aluminum and 1 cm for steel. Using Equation 13 and with a 70%11 and 65% reflectance 
for aluminum and stainless steel respectively [60], the dwell time can be calculated using 
∆𝑡𝑡 = 𝜌𝜌𝑚𝑚𝐴𝐴[𝐶𝐶(𝑇𝑇𝑚𝑚−𝑇𝑇)+𝐻𝐻𝑚𝑚](1−Γ)<𝐼𝐼>𝐴𝐴 , (39)
whereby the product of the density (𝜌𝜌), thickness (𝜌𝜌) and area (𝐴𝐴) will give the mass of the 
target. Together with the mass, the product of the terms in the numerators (specific heat 
capacity (𝐶𝐶), melting temperature (𝑇𝑇𝑚𝑚) and ambient temperature (𝑇𝑇), and latent heat of 
fusion (𝐻𝐻𝑚𝑚)) will give the total energy require to melt the target of a specific mass. The 
product of the denominator will give the total power deposited by the laser beam on the 
target (time averaged intensity < 𝐼𝐼 > multiplied by the melt area multiplied by the amount 
of laser energy that is not reflected (denoted by the term reflectance Γ)). The various 
parameters used for the target simulation are as shown in Table 3. 
Table 3. Target parameters for simulation 
Target Casing Material C (J/Kg°C)  Tm (°C) Hm (J/kg) 
Matrice 600 UAV Aluminium 900 660 400000 
Grad 20 Rocket Steel 500 1450 270000 
 
 
Of note, the time averaged intensity is obtained by dividing the PIB over the bucket 
area. PIB can be obtained by integrating the peak intensity 𝐼𝐼 (obtained from the Frensel 
diffraction) over the radius of the bucket(𝑟𝑟𝑏𝑏𝑏𝑏𝑐𝑐𝑘𝑘𝑚𝑚𝑐𝑐) and over all angles as shown in Equation 
40. 











2 − 1) (40)
The above equation is only valid if the time-averaged intensity profile has a Gaussian 
shape. 
 
11 Aluminum has a reflectance of 95% but the oxide layers on it reduces the reflectance by approximately 
25%. 
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Within each scenario, the following environmental factors (as shown in Table 4) 
will be varied to determine the effectiveness of a laser weapon system against the  
target set. 
Table 4.  Environmental factors for simulation 
 
The inputs to MODTRAN to determine the baseline extinction profile and the rain 
extinction profiles are as shown in Table 5. 
Table 5. MODTRAN input parameters 
 
12 The rainfall rate of 25mm/hr was chosen as it is one of the factors considered by the Meteorological 
Service of Singapore to issue a heavy rain warning [61]. Other values are based off literature data which are 
available. 
13W. Middleton has shown that the scattering coefficient caused by rain is related to the rainfall rate and 
the rainfall drop radius [62]. This will be elaborated on in the subsequent section. 
 
Condition Values Remarks 
Rainfall (mm/hr) 0/2/25/7012 
Effect on extinction 
coefficient to be obtained 




Haze (PSI) 0-50 (Good) /51-100 (Moderate) 
Effect on extinction 
coefficient to be obtained 
from MPLNET & 
AERONET 
Parameter Value MODTRAN Input Remarks 
Atmospheric 
Model Tropical Model=1 
- 
Aerosol Model Urban IHAZE=5 - 
Rain Model No Rain  ICLD=0 - 
Visibility 35 km VIS=35 





THIS PAGE INTENTIONALLY LEFT BLANK 
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V. RESULTS AND DISCUSSION  
Simulations were done in MATLAB based on the Fresnel diffraction method and 
compared with the scaling method to establish the validity (<20% difference) of the results 
obtained. Once the validity of the results have been established, a "heatmap" equivalent of 
the peak intensity across ranges and altitudes up to 5 km will be generated using a scaling 
method, which is less resource intensive. These "heatmaps" will then be used to determine 
the effects of haze and rain against targets such as UAV and rockets.  
The data sets used by Chew et al from MPLNET from Sep 2009 to Mar 2011 were 
compared with the actual measured Pollution Standards Index(PSI) reading values from 
the National Environmental Agency of Singapore to select which data sets to use for this 
study. Actual extinction coefficient data obtained from MPLNET that corresponds to 
specific PSI values in Singapore was used in the study and compared against the results 
produced by MODTRAN. Subsequently, actual extinction coefficient data obtained from 
MPLNET for a hazy day was used to determine the actual effects of moderate haze on laser 
propagation14.  
Separately, rainfall rate data from Singapore based on Kumar et. al. [53] [54] was 
used to determine the scattering effects of rain on laser propagation as data was not 
available from MPLNET during rain. 
A. VALIDATION OF SIMULATION RESULTS USING FRESNEL 
DIFFRACTION METHOD 
The Fresnel diffraction simulation was conducted using the extinction coefficient 
generated by MODTRAN to obtain the peak intensities across 5 different profiles spread 
across various ranges and heights (See Table 6 for simulation inputs). The peak intensities 
were then compared with the results generated by the scaling method to ensure that the 
difference is within 20%. A constant 𝐶𝐶𝑛𝑛2 was used to ensure that the extinction coefficients 
 
14 It was observed that once the PSI value exceed 100, no aerosol extinction data was available on 
MPLNET. 
42 
were the only variables. The results obtained for both the Fresnel diffraction and the 
expected theoretical results are as shown in Table 7. 
Table 6. Simulation input parameters 
Parameter Value Remarks 
Total Extinction 
Coefficient Source MODTRAN 
ICLD=0 / No rain / 
Urban / VIS=35 





Comparison between both values for all 5 scenarios revealed that the differences 
for all scenarios are all within 10% of the theoretical value. Hence, the subsequent 
generation of the "heatmaps" for comparisons will be done using the theoretical values and 
scaled upwards across the various height and ranges due to the intense resources required 
to generate the results via the Fresnel diffraction method. The scaling method will still 
satisfy our requirements as it has been demonstrated in this section that the values are 
comparable with that obtained via the Fresnel diffraction method. 
Table 7. Comparison of peak intensities (W/m2) obtained from Fresnel diffraction 
method with theoretical scaling method across various ranges and altitudes 
S/N Horizontal Range (m) 
Altitude 
(m) 









1 5000 5000 6.15 x 106 5.89 x 106 4.3 
2 5000 1000 1.97x 107 1.84 x 107 6.8 
3 1000 1000 1.22 x 109 1.27x 109 3.9 
4 1000 4000 4.09 x 107 3.81 x 107 7.3 
5 3000 2000 6.43 x 107 5.98 x 107 7.6 
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B. COMPARISON OF AEROSOL EXTINCTION COEFFICIENT FROM 
MPLNET WITH MODTRAN 
The aerosol extinction coefficients at various altitudes (up to 5 km) from MPLNET 
on a normal day on 15 Oct 201015 in Singapore were extracted and converted to that of the 
desired wavelength (527 nm to 1064 nm) and the results are as shown in Figure 17. These 
two sets of data were plotted together with the aerosol extinction coefficients generated by 
MODTRAN at both wavelengths for comparison. From Figure 17, we can see that the 
actual aerosol extinction coefficients based on the converted data for MPLNET at 1064 nm 
(blue line) correlates closely to the simulated aerosol extinction coefficients by 
MODTRAN at 1064nm (blue dash line) up to 2km. However, at altitudes above 2 km, both 
values diverge slightly, with the aerosol extinction coefficients generated by MPLNET 
trending towards the molecular extinction coefficient range earlier than the aerosol 
extinction coefficients generated by MODTRAN. The simulated aerosol coefficients from 
MODTRAN eventually drops below the molecular extinction coefficient above 3km, 
suggesting that molecular extinction has a greater effect than aerosols above this height. 
This could be due to the fact that the bulk of the aerosols in Singapore's atmosphere are 
indeed found within the boundary layer as mentioned by Chew et al and not above it 
whereas MODTRAN's profile is for a generic tropical urban environment. The effect of 
the higher aerosol content in the boundary layer is even more pronounced when comparing 
the aerosol extinction coefficients measured by MPLNET at 527 nm (red line) from surface 
level up to 1000m in Figure 17 as compared to those from MODTRAN (red dash line) 
 
15 The PSI was in the good region with an average value of 36-41. 
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Figure 17. Plot of molecular (magenta line) and aerosol  
extinction coefficients generated by MODTRAN at 1064 
nm (blue dash line) and 527 nm (red dash line), and 
aerosol extinction data extracted from MPLNET at 527 nm 
(red line) and at 1064 nm (blue line) 
The peak intensities for a 5 km by 5 km engagement window were then generated 
using the scaling method with a varying 𝐶𝐶𝑛𝑛2 model based on the Hufnagel-Valley 5/7 (HV 
5/7) model16 for both aerosol extinction coefficients (see Table 8 for simulation input 
parameters) to ensure that the peak intensities attained are indeed comparable. The results 
are as shown in Figure 18 and Figure 19, with both having largely similar peak intensities 
except at further ranges and higher up in the altitudes, where the peak intensities achieved 
by MODTRAN are slightly lower (for example, 3.8 x 108 W/m2 vs 4.8 x 108 W/m2 at 5km 
in range and altitude) due to the higher aerosol extinction coefficients observed earlier at 
altitudes above 2km. 
 
16 The HV 5/7 is best used for characterizing turbulence over land. 
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Table 8. Simulation input parameters 























Figure 18. Peak intensity (W/m2) plot based on aerosol 
extinction coefficients from MODTRAN 
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Figure 19. Peak intensity (W/m2) plot based on aerosol 
extinction coefficients from MPLNET 
C. EFFECTS OF HAZE ON LASER PROPAGATION  
The aerosol extinction coefficients at various altitudes (up to 5 km) from MPLNET 
on a hazy day on 22 Oct 201017 in Singapore were extracted and compared against the data 
obtained on a normal day (15 Oct 2010). From Figure 20, the aerosol extinction coefficient 
is increasing and peaks at 1 km in altitude before decreasing as altitude increases and this 
is consistent with the trends observed by Chew et al. [46]. 
 
17 The PSI was in the moderate region with an average value of 87-96. 
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Figure 20. Actual Aerosol extinction coefficient from 
MPLNET for hazy (red line) and clear (blue line) days 
Both sets of aerosol extinction coefficients were then fed into the scaling model to 
calculate the peak intensity at various ranges (See Table 9 for simulation input parameters). 
The results for a clear and hazy day are as shown in Figure 21 and Figure 22 respectively. 
Comparing both figures, it can be observed that the contours of the intensity plots at heights 
below 1.5 km are different due to the effects of scattering caused by the haze particles. 
Furthermore, compared to almost 90% of Figure 21 where the peak intensities are above 
108 W/m2, only approximately 75% of the peak intensities are above 108 W/m2 when haze 






Table 9. Simulation input parameters 



















Figure 21. Peak intensity (W/m2) plot on a clear day (15 Oct 
2010) in Singapore up to 5 km 
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Figure 22. Peak intensity (W/m2) plot on a hazy day (22 Oct 
2010) in Singapore up to 5 km 
At 1 km in altitude and 5 km away in range where the extinction coefficient is at 
the peak when haze is present, the peak intensity when no haze is present is 1.8 x 108 W/m2 
but this value decreases by more than half to 5.0 x 107 W/m2 when haze is present as the 
laser beam is scattered by the haze particles in the air and this is expected based on the 
aerosol extinction coefficient profile which we see from Figure 18. At a higher altitude of 
5 km, the peak intensity is 4.8 x 108 W/m2 when no haze is present but drops to 2.5 x 108 
W/m2 when haze is present. 
Using the peak intensity values generated, the dwell times required against a UAV 
and a 122mm rocket were generated and the results are as shown in Figure 23 (UAV on a 
clear day), Figure 24 (UAV on a hazy day), Figure 25 (122mm rocket on a clear day) and 
Figure 26 (122mm rocket on a hazy day). For UAV, a 50 kW laser weapon system is able 
to take down the UAV under 2.5 s for the entire spectrum of range and altitude (Figure 23) 
but this decrease to a range of up to 2 km and altitude of 1 km when haze is present (Figure 
24). The trend observed in Figure 24 (whereby the dwell time of greater than 4 s is required 
at the surface at ~4.5 km but decreases to ~2 km at 1 km in altitude before increasing again 
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with increasing altitude) is also due to the aerosol extinction coefficient peaking at ~1km 
in altitude before decreasing at higher altitudes (as per Figure 20). Similarly, for the case 
of the 122mm rocket, a 50 kW laser weapon system is able to take down the rocket in under 
60 s for majority of the range and altitude on a clear day (Figure 25), but this decreases 
drastically to just up to 1.5 km in range and up to 1 km in altitude when haze is present 
(Figure 26). More analysis will be done on the effectiveness of a 50 kW laser weapon 
system against a 122mm rocket rocket in a later section. 
 
Figure 23. Dwell time (s) on UAV based on clear day 
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Figure 24. Dwell time (s) on UAV based on hazy day 
 
Figure 25. Dwell time (s) on 122mm rocket based on clear day 
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Figure 26. Dwell time (s) on 122mm rocket based on hazy day 
D. EFFECTS OF RAIN ON LASER PROPAGATION  
The effects of rain on laser propagation was studied by using the baseline extinction 
coefficients based on MODTRAN for a clear day, with the aerosol scattering coefficient  
based on Middleton's scattering equation 






 is the rainfall rate in cm/s and 𝑎𝑎 is the most probable rainfall drop radius in cm 
[62]. Based on data collected by Kumar et. al. [53] [54], the rainfall drop radius increases 
from 0.5mm for ~2 mm/hr of rain to 0.75 mm for ~25 mm/hr of rainfall, and 1mm when 
the rainfall increases to ~70 mm/hr. The final total extinction coefficients were then fed 
into the scaling model to generate the peak intensities for the various rainfall rates across a 
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Comparing the peak intensity plots shown from Figure 27 to Figure 30 whereby the 
rainfall rate increases from 0 mm/hr to 70 mm/hr, the effects of rain become more 
pronounced at further ranges and altitudes. From Figure 27, we can see that the peak 
intensities at max range and altitude are at least in the region of mid 108 W/m2 but when 
slight rain (2 mm/hr) is present, the peak intensities are reduced to the region of low 108 
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W/m2 (Figure 28). When the intensity of rain increases to 25 mm/hr, the peak intensities 
drops further high 107 W/m2 (Figure 29). When the intensity of rain increases further to 70 
mm/hr, the peak intensities drops slightly to mid 107 W/m2 (Figure 30). The reason behind 
this is that effect of the increase of the rainfall rate (∆𝑥𝑥
∆𝑐𝑐
)  is reduced by the increase of the 
cube of raindrop radius (𝑎𝑎3) at higher rainfall rates. The ratio of the respective increases of 
rainfall rate against raindrop radius (
∆�∆𝑥𝑥∆𝑡𝑡�
∆(𝑎𝑎3)
) decreases from 17x (for 2 mm/hr to 25 mm/hr) 
to 1.3x (for 25 mm/hr to 70 mm/hr), explaining the less drastic change in peak intensities 
in the latter case compared to the former as the rainfall rate increase. 
 
Figure 27. Peak intensity (W/m2) plot on a clear day up to 5 km 
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Figure 28. Peak intensity (W/m2) plot on a rainy day (2 mm/hr) up to 5 km 
 
Figure 29. Peak intensity (W/m2) plot on a rainy day (25 mm/hr) up to 5 km 
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Figure 30. Peak intensity (W/m2) plot on a rainy day (70 mm/hr) up to 5 km 
Using the peak intensity values generated by MODTRAN, similar maps for the 
dwell times required were generated using MATLAB to determine the dwell times required 
against both types of targets across a range of altitudes and distances. The results are as 
shown in Figure 31 to Figure 34 for UAVs, and Figure 35 to Figure 38 for rockets. For the 
case of a UAV, a 50 kW laser required a dwell time of ~2.5 s at the maximum range and 
altitude (Figure 31) but this increased to ~4.5s when slight rain (2 mm/hr) was present 
(Figure 32). When the rainfall rate increased further to 25 mm/hr, the time taken quadruples 
to 10 s or more at the edge of envelope (Figure 33). When the rainfall rate increases further 
to 70 mm/hr, the effects of rain are more pronounced at the further ranges. From Figure 34, 
it is observed that the regions requiring engagement times of greater than 10 s increases 
from a range and height of 3.5 km onwards as compared to 4.5 km when the rain was 25 
mm/hr. For the case of the 122mm rocket, similar trends to that of the UAV was observed. 
A 50 kW laser required a dwell time of 60 s or less for the entire engagement envelope 
(Figure 33) but this decreased to  ~50% (2 mm/hr) and ~25% (25 mm/hr and 70 mm/hr) 
when rain was present and as the intensity increased (Figure 36 to Figure 38). For the case 
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of heavier rainfall rates (25 mm/hr and 70 mm/hr), the main differences were at the further 
ranges. For instance, a dwell time of greater than 160 s was required for Grad 20 at a range 
of ~5 km and 500 m in altitude when the rainfall rate was 25 mm/hr (Figure 37). However, 
due to the effects of heavier rainfall (70 mm/hr), a dwell time of greater than 160 s was 
required at a closer range of 4.2 km instead for a similar altitude (Figure 38). 
 
Figure 31. Dwell time (s) on a UAV based on a clear day 
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Figure 32. Dwell time (s) on a UAV based on a rainy day (2 mm/hr) 
 
Figure 33. Dwell time (s) on a UAV based on a rainy day (25 mm/hr) 
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Figure 34. Dwell time (s) on a UAV based on a rainy day (70 
mm/hr) 
 
Figure 35. Dwell time (s) on a 122mm rocket based on a clear day 
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Figure 36. Dwell time (s) on a 122mm rocket based on a rainy day (2 mm/hr) 
 
Figure 37. Dwell time (s) on a 122mm rocket based on a rainy day (25 mm/hr) 
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Figure 38. Dwell time (s) on a 122mm rocket based on a rainy day (70 mm/hr) 
E. SENSITIVITY ANALYSIS ON 122MM ROCKET ENGAGEMENT 
Further efforts were made into studying the effectiveness of a 50 kW laser weapon 
system's capability against a 122mm rocket such as a Grad 20. From Figure 25, we have 
observed that it would take anytime between 40-60 s to effectively "engage" a Grad 20 
rocket, although if the laser beam were aimed at the warhead, it might cause the warhead 
to deflagrate [63] at an earlier time. If we compare the 40-60 s engagement time required 
with the time-of-flight based on literature [64] (~79 s for the full time-of-flight of a 
projectile with ~20km range, ~43 s after apogee to impact), a 50 kW laser weapon system 
would be unable to successfully destroy the projectile. 
For the scenario of a clear day, two different trajectories (40° and 45°) of the Grad 
20 rocket were created with similar impact points to vary the trajectories inside the 5km x 
5km engagement window of the laser weapon system (see Figure 39).  
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Figure 39. Final Grad 20 rocket trajectory until impact at (0,0) 
in laser weapon system engagement zone based on 40° and 
45° launch angle 
These x and y coordinates of these trajectories were plotted out based on a 1 s 
interval and correlated with the corresponding intensities required at each data point. The 
energy deposited onto the target at each time interval (𝐸𝐸(𝑥𝑥,𝑦𝑦)) was then calculated based on  




whereby the product of the time averaged intensity < 𝐼𝐼 > multiplied by the melt area (𝐴𝐴) 
and the time interval of 1 s (𝑑𝑑𝑡𝑡) is equivalent to the energy deposited onto the target at a 
position (x,y). The summation of 𝐸𝐸(𝑥𝑥,𝑦𝑦) over the entire time of flight of the projectile within 
the engagement zone will give us the total energy (𝑇𝑇𝐸𝐸(𝑑𝑑𝑚𝑚𝑎𝑎)) deposited onto the target. To 
successfully destroy the target based upon the previously discussed melt criteria, 𝑇𝑇𝐸𝐸(𝑑𝑑𝑚𝑚𝑎𝑎) 
must be greater than the total energy required to melt the specified target volume (𝑇𝑇𝐸𝐸(𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐))  
as specified by  
𝑇𝑇𝐸𝐸(𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐) = �
𝜌𝜌𝜌𝜌𝐴𝐴[𝐶𝐶(𝑇𝑇𝑚𝑚 − 𝑇𝑇) + 𝐻𝐻𝑚𝑚]
(1 − Γ)
� . (43) 
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For the case of the rocket, the value of 𝑇𝑇𝐸𝐸(𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐) is 2257 kJ. The power level of the laser 
system was varied (50 kW, 100 kW and 150 kW) to determine the minimum power level 
required to successfully engage a Grad 20 rocket on a clear day. Based on the results (as 
shown in Table 11), a minimum power of 150 kW is required to ensure a successful 
engagement of a Grad 20 rocket for the 2 chosen trajectories. This ignores the possibility 
of deflagration and/or any heat dissipation effects. 
Table 11. Summary of total energy deposited (kJ) on Grad 20 rocket 
for various powers of laser weapon system 
Power of Laser Weapon 
System 
Total Energy Deposited 
(kJ) on Grad 20 based on 
40° Trajectory 
Total Energy Deposited 
(kJ) on Grad 20 based on 
45° Trajectory 
50 kW 1052 876 
100 kW 2105 1753 
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VI. CONCLUSION  
The performance of a 50 kW laser weapon system against a UAV and a Grad 20 
rocket have been simulated in the environment of Southeast Asia. Results have shown that 
a 50 kW laser weapon system is sufficient to cause damage to a UAV by melting a specific 
volume in less than 3 s in a 5 km by 5 km engagement zone. However, when moderate 
haze or rain is present, a longer dwell time is generally required across all ranges and 
altitudes.  
For the performance against a Grad 20 rocket, simulations revealed that a dwell 
time of 40-60 s is required to carry out an engagement in the 5 km by 5 km zone. However, 
if we compare this with an actual trajectory of a Grad 20 rocket, the 50 kW laser weapon 
system would be unable to melt the required volume in time for a successful engagement. 
Further analysis was done on the actual energy deposited on the rocket during its terminal 
phase in the engagement zone and the power of the laser weapon system was varied to 
determine the optimal level for a successful engagement. Based on the simulation, a 150 
kW laser weapon system is required to successfully engage a Grad 20 rocket within the 
engagement zone. 
In conclusion, the results show that a 50 kW laser weapon system is capable of 
carrying out engagements against UAVs albeit with degraded ranges when rain or haze are 
present. For defense against rockets, a higher power (150 kW) laser weapon system will 
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